We report the first use of graphene oxide (GO) as a sacrifical template for the structural direction of complex oxides. The superconductor yttrium barium copper oxide (YBCO) was used as a quarternary oxide test system, with the GO templates being used to create foams and layered paper-like structures which retained the superconducting properties of YBCO.
The templated synthesis of inorganic materials is an actively researched field, 1,2 with materials for applications such as piezoelectrics, 3 solid oxide fuel cells 4 and photonic crystals 5 all being created using this flexible and wide-ranging technique. The use of biologically-derived templates has yielded a number of hitherto unavailable morphologies in complex oxide materials, such as nanowires, 6, 7 microspheres, 8 and more complex structures. 9 Template-based synthesis pathways have also given greater insight into the fundamental mechanisms that govern nanoscale crystal growth. 10 Typically highly carbonaceous and strongly chelating, these templates prevent agglomeration and sintering of stable intermediates during high temperature syntheses. This allows the formation of the desired phase without slow and energy-intensive heating and grinding steps. 11 Thus, templated syntheses are more efficient, whilst still allowing for fine control of phase and morphology.
Whilst nano-and micrometer-scale growth of crystallites using biotemplates is well understood, it is challenging to up-scale this control to create well-ordered macroscopic structures. This is possible by use of a sacrificial template, which directs the morphology at the chosen length scale 12, 13 and is destroyed during synthesis, leaving the final inorganic product as a polycrystalline replica. 14, 15 This allows, for example, construction of monolithic inverse opaline crystals from simple oxides such as SiO 2 and TiO 2 16 or metals. 17 There are many prior examples of simple oxides constructed from sacrificial templates, but their use for ternary or quaternary materials, such as complex metal oxides like YBa 2 Cu 3 O 7-δ (Y123), remains relatively rare. [18] [19] [20] [21] Y123 is an excellent model system for testing the efficacy of templating methods in complex oxides due to the strong dependence of the superconducting properties of Y123 upon the templated morphology and phase purity.
Graphene oxide (GO) is a promising material for templating metal oxides, showing effective templating of SiO 2 into a nanoflake morphology. 22 GO consists of single-atom-thick carbon sheets, but differs markedly from graphene. GO contains a random oxygen-rich network of sp 3 -hybridised carbon atoms, interspersed with islands of pristine sp 2 -hybridised graphitic carbon 23, 24 (from which GO is initially synthesized). GO is well-known for its flexibility for the creation of different structures such as three-dimensional macroporous solids, 25, 26 hydrogels, 27 and papers. 28 As GO starts from an aqueous dispersion, it is able to take on the shape of the vessel in which it is prepared, making it extremely versatile for the creation of bespoke shapes, for example curved structures or porous monoliths. It is also capable of uptake of transition metal ions (for example Cu 2+ ) from solution. 29 The wide variety of available final morphologies from a single material, 30 combined with an abundance of chelating hydroxyl and ketone functionalities, 24, 31 makes GO attractive for use as a template for oxide materials.
Here we present the first instance of GO-templating of a quaternary metal oxide and demonstrate the use of monolithic GO templates to produce, in this case, the complex oxide Y123. Two morphologies of GO (foam and paper) were chosen; both were synthesized from GO aqueous solutions by previously reported methods 25, 28 and were successfully used to control and direct the growth of highly crystalline superconducting Y123 structures with highly porous, or oriented structures, respectively. The resulting Y123 materials demonstrate an improvement in critical current density of the superconducting phase when compared with solidstate synthesis, 32, 33 and act as proof of concept that GO can be used as a template for complex oxides.
Full details of the experimental methods can be found in the supporting information, but briefly, monolithic GO structures with foam and layered paper-like microstructure were immersed in aqueous solutions of Y, Ba, and Cu nitrate salts. Soaked templates were then dried and calcined to obtain templated YBCO. Initially the structure of the template and inorganic replicas were investigated Non-destructive imaging by X-ray micro-computed tomography (X-ray µ-CT) revealed an interconnected macroporous internal structure (Figure 2) . Figure 2a shows a model of the macropores present within a small section of the Y123 foam, with Figure 2b showing a cut-away of the sample illustrating the micronscale porous internal structure. This structure is a good replica of the GO template, and indicates that the porous structure is retained throughout the sample during calcination. The pore mapping was used to obtain an average porosity of 42%. The structure of the paper-like Y123 is displayed in Figure 2c , with Figure 2d showing the layered structure is present throughout the sample, imparted by the GO template.
The composition of both the foam-and paper-templated Y123 was determined using TEM/EDX ( Figure S1 ) and powder X-ray diffraction ( Figure S2 ). The majority phase in both the foam and paper materials ( Figure S2a YBa 2 Cu 3 O 6.9 (JCPDS card 79-0653), which is consistent with optimal oxygenation. A small number of impurity phases were also observed, including CuO, BaCuO 2 and Y 2 BaCuO 5 .
Central to the success of any templated system is the mechanism by which the template acts to produce the final product (in this case Y123). This can be considered in two ways-the chemical pathway and the physical direction of crystallites imparted by the template. The chemical pathway for the formation of Y123 was investigated with a series of increasing calcination temperatures. Figure 3 shows the indexed PXRD patterns of samples heated to temperatures between 200 °C and 900 °C (at 100 °C intervals) and suggests that this synthesis proceeds via a different low-temperature pathway to that which has been observed previously with some polysaccharide biotemplates. [10] [11] [12] The synthesis does, however, show some similarities to the high carbon-content dextran-based syntheses, 8 as might be expected given the high carbon content of GO. At 200 °C, the major crystalline phases present are the precursor materials barium and copper nitrates (JCPDS cards 76-1376 and 45-0594 respectively). As fully chelated ions are noncrystalline and therefore do not appear in the XRD pattern, the presence of these crystalline phases at these low temperatures is due to recrystallization of excess precursor solution present on the surface of the template upon drying. Barium nitrate is observed in greater quantities than the other two ions due to the fact that yttrium nitrate thermally decomposes below 200 °C, and copper Please do not adjust margins Please do not adjust margins nitrate between 200 °C and 300 °C (accounting for the small quantities observed at these temperatures).
Between 300 °C and 400 °C the copper ions chelated in the monolith react with the template to form copper (II) oxide (JCPDS card 74-1021) which, crucially, allows for the retention of the template structure while the desired inorganic phase forms. Between 400 °C and 600 °C, as the template fully decomposes, the Ba 2+ and Y 3+ ions react to form yttrium oxide and barium carbonate (JCPDS cards 74-1828 and 41-0373 respectively), which are homogeneously spread throughout the material.
The next significant change in the sample occurs in the 800 °C and 900 °C interval, where a solid-solid reaction between Y 3+ , Ba 2+ and Cu 2+ ions occurs due to the decomposition of BaCO 3 above 811 °C. Here again, the fact that the template is perfectly replicated indicates that the reaction to form the final product is occurring in the solid state, and as is observed in templates such as dextran, 21 the final Y123 product only forms where the template has been. In this templated approach, however, the time over which this reaction occurs is reduced to two hours due to the higher degree of mixing between the three precursor ions provided by the chelating template. The synthesis then proceeds as observed previously in typical biotemplated systems, 8, 34 with Y123 emerging as the major phase between 800 °C and the final calcination temperature, 920 °C. Small quantities of Y 2 Cu 2 O 5 (JCPDS card 33-0511) and BaCuO 2 (JCPDS card 70-0441) are also observed at 900 °C, indicating that the final formation of the Y123 phase is dependent on both the higher final temperature (920 °C) and a longer hold time than was used in the temperature study. By holding the samples at 920 °C for two hours, the quantity of these small impurity phases were reduced ( Figure S2 ). SQUID magnetometry of the templated Y123 was performed to determine the transition temperature, T c ( Figure 4 ) and critical current density, J c ( Figure S3 ) of the templated Y123. Transition temperatures of 90 ± 1 K and 89 ± 1 K were measured for the foam and paper morphologies, respectively, close to the optimum value for T c in Y123. The critical current densities were determined at 1 T applied field and 10 K. Values were measured to be 0.10 MA cm -2 (foam) and 0.05 MA cm -2 (layered). The difference between values the foam and paper-like samples can be attributed to the greater continuity of the crystallites in the foam sample-the greater number of interconnects between crystallites results in there being more pathways in which the supercurrent can flow, resulting in a larger critical current density being measured. Conversely the paper-like structure, being composed of layers, has these same crystallite connections in only two dimensions, resulting in a lower value measure for J c .
These values are greater than previously reported values of J c for commercially available polycrystalline Y123, which are of the order 0.02 MA cm -2 . 21 Whilst the values obtained are lower than those known for industrial Y123 35 we believe the templated synthesis technique presented here has the advantage of allowing customization of the morphology of quaternary metal oxides such as YBCO to suit specific applications, while maintaining a good material quality.
In conclusion, we have successfully exploited a novel and highly modifiable template for the construction of oxide materials with pre-determined micro-scale structure, illustrated by the creation of superconducting oxide monoliths. We have shown that, due to low temperature stable intermediate phase formation, the final product faithfully retains the structure of the uncalcined GO template, allowing porous foams and highly layered oxide structures to be created. With many further GO morphologies available, this template has potential for great utility in obtaining applicationspecific morphologies, e.g. foams for rapid access of cryogens to improve cool-down times in superconductors, which retain the desired properties. We have also elucidated the crystallochemical mechanism by which template allows formation of the Y123 phase. This work demonstrates that GO deserves a place alongside biotemplates in the arsenal of options available for creating highly ordered functional inorganic materials.
